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The complex permeability of an iron-oxide nanosuspension has been measured as a function of
magnetic field strength at RF and microwave frequencies using a loop-gap resonator. The particles
were suspended in water and had an 8-nm diameter Fe3O4 core that was coated by Dextran. The real
part of the permeability increased sharply beyond a frequency-dependent threshold value of the static
magnetic field before saturating. Just beyond this threshold field, there was a peak in the imaginary
part of the permeability. The permeability measurements, which exhibited features associated with
ferromagnetic resonance, were used to determine the dependence of the microwave absorption on
static magnetic field strength. Using the absorption data, the g-factor of the nanosuspension was
found to be 1.86 ± 0.07.
Introduction. Since the discovery of the metal-to-
insulator transition in magnetite, Fe3O4 has been one of
the most widely studied magnetic systems.1,2 Upon cool-
ing magnetite below the so-called Verwey transition tem-
perautre TV ≈ 125K, its resistivity abruptly increases by
up to two orders of magnitude in the best single crystals.
As described in a review by Walz, there are numerous
other anomalies in the physical properties of Fe3O4 at
TV, such as steps in the magnetization, initial suscepti-
bility, and thermal expansion, and a spike in the specific
heat. However, despite decades of intense research, there
is not yet a consensus understanding of the microscopic
mechanisms governing the Verwey transition3 and it is
still being actively investigated both experimentally4–11
and theoretically12–14.
Shortly after the discovery of the Verwey transi-
tion, Bickford observed resonant microwave absorption in
Fe3O4 single crystals.
15 Based on the theory of ferromag-
netic resoance developed by Kittel,16,17 these data were
used to determine the crystalline anisotropy and g-factor
of magnetite. More recently, there has been consider-
able interest in the magnetic properties of Fe3O4 thin
films18–20 and nanoparticles21,22. Fe3O4 nanaoparticles,
in particular, have attracted a lot of attention because of
their potential use in biomedical,23 environmental,24 and
other applications.25
In this paper, we describe our measurements of the
complex permeability of a suspension of 8-nm diame-
ter Fe3O4 particles as a function static magnetic field
strength. The measurements were made using a novel
compact resonator whose resonant frequency could be
tuned between 500 and 1300MHz. Many previous stud-
ies of the microwave properties of Fe3O4 nanoparticles
have used less sensitive non-resonant techniques, often
with larger diameter partilces (150 to 300 nm). Further-
more, in these studies the authors were primarily in-
terested in the microwave absorption properties in zero
static magnetic field.21,22 Noginov et al. studied the elec-
tron magnetic resonance (EMR) signal in a suspension
of 9-nm diameter Fe3O4 nanoparticles and identified fea-
tures which marked quantum transitions.26 Shankar et
al. likewise studied magnetite nanoparticles that were 9
to 10 nm in size. These authors investigated the tem-
perature dependence of the field-cooled and zero-field
cooled ferromagnetic resonance lineshapes at 9.45GHz
and identified a spin glass transition at 46K.27 The mea-
surements that we present offer a detailed determination
of the field dependence of the complex permeability of
an Fe3O4 nanosuspension over a relatively wide range of
RF frequencies.
The organization of the paper is as follows: We first
briefly introduce the the loop-gap resonator (LGR) and
the measurement principle. The experimental design
is then described along with a discussion of its advan-
tageous and limitations. The experimental results are
then presented and compared to complementary mea-
surements on Fe3O4 bulk single crystals and thin films.
Finally, the key findings are briefly summarized.
Lop-gap resonator. The measurements presetned in
this paper were made using a loop-gap resonator (LGR).
In its most basic form, the LGR is made by cutting a nar-
row slit along the length of a hollow conducting tube.28,29
The effective capacitance of the gap and inductance of
the bore determine the resontant frequency f0 (typically
between 100MHz and 2GHz). The quality factor or Q
of the resonance is determined by electromagnetic skin
depth and radiative losses.30 The radiative losses asso-
ciated with conventional cylindrical LGRs can be sup-
pressed using a toroidal geometry which completely con-
fines the magnetic flux within the bore of the resonator.31
The advantages of the LGR include resonator dimensions
that are many times smaller than the free-space wave-
length of the resonant frequency and good isolation be-
tween RF electric and magnetic fields.
Inserting an insulator into the gap of a LGR allows one
to determine the material’s complex permittivity. The
shift in the resonant frequency is determined by the real
part of the permittivity while the imaginary part lowers
the quality factor of the resonance.30,32 In an analogous
way, the complex permeability of a magnetic material
loaded in the bore of a LGR can likewise be determined
from the changes in f0 and Q.
33,34 This paper describes
the use of a toroidal LGR to measure the change in the
complex permeability of an Fe3O4 nanosuspension as the
2(a) (b)
FIG. 1. (a) Photograph of the two halves of the toroidal LGR with an asymmetrically-placed gap. A coupling loop passes
through a small hole in the top half of the resonator. The outside diameter of the LGR is 3.8 cm (1.5 inches). (b) Schematic
diagram of the cross-section of the toroidal LGR. The resonant frequency is set by a low-loss dielectric in the gap of the
resonator. The magnetic nanosupension partially fills the bore of the resonator. A uniform static magnetic field B0 is applied
perpendicularly to the RF magnetic field B.
strength of an applied static magnetic field is varied.
Experimental method. Because a new experimental
method was designed specifically for this measurement,
we briefly outline some of the details. Figure 1 shows a
photograph of the aluminum toroidal LGR used in our
experiments along with a schematic diagram of its cross-
section. An ac magnetic flux is introduced into the bore
of the LGR using a coupling loop at the end of a short
section of coaxial transmission line. The opposite end of
the transmission line is connected to one port of a vector
network analyzer (VNA). The VNA supplies a signal and
measures what fraction of the incident signal is reflected
back as a function of frequency. A full equivalent-circuit
model of the experimental setup in shown in Fig. 2.35
As shown in Fig. 1(b), the Fe3O4 nanosuspension only
partially fills the bore of the LGR. By the symmetry of
the toroidal geometry, the current density on the inner
bore wall is uniform. That is, the current density is the
same in the filled and unfilled sections of the bore. On
the other hand, the magnetic flux within cross-sections
of the filled and unfilled regions of the bore are certainly
different. These observations suggest that the effective
inductance of the LGR bore can be modeled as the se-
ries combination Leff = L1 + µrL2 where L1 = (1− η)L0
is the inductance of the unfilled region, L2 = µrηL0 is
the inductance of the filled region, η is the filling frac-
tion, L0 is the inductance of the bore when η = 0, and
µr = µ
′ − jµ′′ is the complex relative permeability of the
nanosuspension (j =
√−1).34 Therefore, the effective in-
ductance shown Fig. 2 is complex and can be expressed
as
Leff = {[1 + η (µ′ − 1)]− jηµ′′}L0. (1)
As a result, the impedance jωLeff has a resitive term
given by ηµ′′ωL0 that combines in series with Reff . Thus,
a non-zero value of µ′′ enhances the net resistance and
suppresses the resonator Q.
Figure 1(b) shows that the gap of the LGR has been
placed asymmetrically towards to the top of the res-
onator. This was done to provide more sample space
for the nanosuspension and also to limit, as much as pos-
sible, fringing electric fields emanating from the gap from
reaching the sample. The figure also shows a low-loss di-
electric filling the gap of the resonator. The dielectric
is used to adjust the resonance frequency of the LGR.
Changing the dielectric allowed us to tune the resonant
frequency to values between 500 and 1300MHz with-
out significantly reducing Q. The dielectrics used were
Al2O3, TiO2 ([100] and [001] substrates), and SrTiO2.
36
The Ceff parameter in the circuit model is predominantly
set by the dimensions of the slit in the LGR and the di-
electric filling the gap. However, fringing electric fields
that reach the sample also make a small contribution to
Ceff such that Ceff = C0 + εrCf where C0 + Cf is the ca-
pacitance when the gap is filled with a low-loss dielectric
and the resonator bore is empty and εr = ε
′ − jε′′ is the
complex permittivity of the material that partially fills
the resonator bore.37,38
The remaining circuit-model parameters are
Reff ≈ R0
√
f/f0 where R0 is the effective resistance at
f0,
31 L1 which is the inductance of the coupling loop,
and Z0 = 50Ω which is both the output impedance
of the VNA and the characteristic impedance of the
transmission line.
The circuit in Fig. 2 can be analyzed to determine
the impedance Z of the inductively-coupled LGR.34,35
The magnitude of reflection coefficient at the calibration
plane of the VNA is then given by
|S11| =
∣∣∣∣Z − Z0Z + Z0
∣∣∣∣ . (2)
A total of four successive measurements are required to
determine all of the circuit-model parameters:34 (1) A
measurement of S11 when the LGR is not in place de-
3FIG. 2. Complete equivalent circuit of the toroidal LGR coupled to a length of transmission line terminated by a coupling loop.
A VNA is used to measure the magnitude of the reflection coefficient |S11| at a calibration plane established at the opposite
end of the transmission line.
termines L1. (2) A measurement of |S11| when the bore
of the resonator is empty determines f0, Q, and M
2
0 /R0
where M0 is the mutual inductance between L1 and L0.
(3) A measurement of |S11| when the bore is filled with
deionized water, assuming a known filling fraction η and
εr of water, is used to determine the ratio Cf/C0. (4) Fi-
nally, a measurement of |S11| when the bore is partially
filled with the Fe3O4 nanosuspension is used to determine
µ′ and µ′′.
The final measurement assumes that the complex per-
mittivity of the nanosuspension is known. Because we
have not precisely determined εr of the nanosuspension,
our measurements cannot be used to extract the abso-
lute complex permeability of our sample. However, the
change in |S11| in the presence of an applied static mag-
netic field is very insensitive to the values of both εr and
Cf/C0. Therefore, our measurements can precisely de-
termine the dependence of the nanosuspension’s complex
permeability (µ′ − jµ′′) on the strength of the static field.
In our experiments, the static magnetic field was gener-
ated using a solenoid wound using 18-AWG copper wire.
The solenoid had a bore diameter of 7.6 cm and produced
a magnetic field of 50mT when supplied with 4A of cur-
rent.
Nanosuspension. The nanosuspension used in our ex-
periments, called Molday ION, is commercially available
from BioPhysics Assay Laboratory, Inc.39 It is a suspen-
sion of Dextran-coated Fe3O4 nanoparticles in distilled
water. The mean diameter of the Fe3O4 core is 8 nm
and Molday ION contains 10mg of Fe per milli-liter of
suspension.40 The Dextran coating is used to suppress
amalagamation of the Fe3O4 nanoparticles and to in-
crease the biocompatibility of the suspension for use in
biomedical applications. Molday ION is primarily used
as an MRI contrast agent (see, for example, Refs. 41–43).
All of our permeability measurements were made using
2mL of the Molday ION suspension.
Experimental results. Figure 3 shows the measured
|S11| when the resonator bore was empty, filled with 2mL
of water, and filled with 2mL of the Fe3O4 nanosuspen-
sion. For these measurements, the LGR gap was filled
with a single-crystal Al2O3 plate. The LGR was also
equipped with a platinum resistance thermometer. All
|S11| measurements reported in this paper were taken at
a LGR temperature of 25.0± 0.1 ◦C.
There are eight nearly-indistinguishable plots of |S11|
measured while the LGR bore was empty. Between each
measurement, the two halves of the LGR (see Fig 1(a))
were completely separated. By adjusting the torque ap-
plied to the bolts used to assemble the LGR while watch-
ing the VNA display, it was possible to very reproducibly
set the empty-bore resonant frequency.
The solid lines in the left-hand plot show |S11| after
adding 2mL of deionized water to the resonator bore.
Adding the water to the bore reduced the resonant fre-
quency by about 17%. This effect is due to fringing elec-
tric fields from the gap of the LGR that extend into
the water. Water has a relatively large dielectric con-
stant (εr ≈ 78 at 25 ◦C and low frequencies) such that
the contribution from εrCf becomes non-negligible. Four
measurements of |S11| for the water-filled resonator are
shown. Between each measurement, the water was com-
pletely drained from the bore of the resonator and the
resonator was completely disassembled. The data show
that the |S11| measurements are reproducible.
The dashed lines in Fig. 3 show |S11| measured when
2mL of the Fe3O4 is added to the LGR bore. Once again,
repeated measurements gave consistent results. Rela-
tive to the water measurements, the nanosuspension data
show a slight increase in the resonant frequency. This
shift in frequency is not due to a magnetic effect. Rather,
it is caused by a nanosuspension dielectric constant that
is slightly less than that of water. The volume of water
displaced by the nanoparticles results in a lower effective
dielectric constant of the suspension and shifts the reso-
nance to a higher frequency. This effect completes with,
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FIG. 3. The right-hand plot shows the resonance of the
toroidal LGR when its bore was empty. There are eight
nearly-identical measurements of |S11,empty| shown in the plot.
The left-had plot shows measured reflection coefficient when
the bore of the resonator was filled with 2mL of water (solid
lines) and 2mL of the Fe3O4 nanosuspension (dashed lines).
There are four measurements each for a water-filled and
nanosuspension-filled LGR. All of these data were obtained
with an Al2O3 plate in the gap of the resonator.
and dominates, the expected paramagnetic permeability
of the nanosuspension which would tend to lower the res-
onant frequency relative to water. For this reason, the
absolute permeability of the nanosuspension cannot be
determined without precise knowledge of the permittiv-
ity of both water and the nanosuspension at the measure-
ment frequency. However, in an applied magnetic field,
only changes in nanosuspension’s permeability can result
in a change to |S11|. Therefore, the observed magnetic
field dependence of |S11| can be used to determine how
µ′ and µ′′ deviate from their zero-field values.
Figure 4 shows the evolution |S11| as the static mag-
netic field strength applied to the nanosuspension-filled
LGR is varied. The data show the full range of magnetic
field strengths explored, but only a subset of the values
tested. The solid lines correspond |S11| measured while
sweeping from high field to low field and the dashed lines
correspond to a low-to-high field sweep. The overlap of
the solid and dashed lines confirms that there was no
appreciable temperature drift of the LGR/sample during
the magnetic field sweep. We did identical magnetic field
sweeps when the bore of the resonator was empty and
filled with 2mL of water. In both cases, |S11| did not de-
viate from its zero-field response at any of the magnetic
field strengths used in our experiments.
Before discussing the quantitative results, we first qual-
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FIG. 4. Measurements of |S11| with the bore of the LGR par-
tially filled with the nanosuspension at different static mag-
netic field strengths. The solid curves were obtained while re-
ducing the field strength from 50mT to zero and the dashed
curves were taken while increasing the strength of the static
field. For these measurements the gap of the LGR was filled
with an Al2O3 dielectric.
itatively interpret the |S11| data of Fig. 4. At the lowest
static field strengths, the resonant frequency is approxi-
mately constant which implies a constant µ′. After reach-
ing a threshold field of about 30mT, the |S11| resonant
frequency starts to decrease which corresponds to an in-
creasing µ′. The depth of the |S11| dip can be used to
track the changes in Q – the greater the depth, the higher
the quality factor. Figure 4, shows that Q initially de-
creases with increasing field before reaching a minimum
and then increasing. These data suggest a µ′′ that in-
creases, peaks, and then decreases as a function of the
applied static field strength. The data imply that µ′′
peaks at static field strength near 40mT.
The |S11| data of Fig. 4 were fit to the equivalent cir-
cuit model and the extracted changes in µ′ and µ′′ ver-
sus B0 are shown using triangular data points in Fig. 5.
As anticipated, ∆µ′ ≡ µ′ (B0)− µ′ (0) is initially flat and
then increases sharply after exceeding a threshold value
of B0. After the sharp increase, the ∆µ
′ data plateau.
∆µ′′ ≡ µ′′ (B0)− µ′′ (0) goes through a broad peak as a
function of magnetic field with the peak of ∆µ′′ located
at the predicted value of B0.
Our measurements of ∆µ′ and ∆µ′′ were done at a
total of five different frequencies. The LGR resonant
frequency was tuned by changing the low-loss dielectric
in the gap. Figure 5 shows all five data sets for both
∆µ′ and ∆µ′′. The real part of the permeability re-
mains constant up until a frequency-dependent thresh-
old magnetic field after which ∆µ′ rapidly increases. For
the three lowest measurement frequencies, ∆µ′ saturates
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FIG. 5. The real and imaginary parts of the change in permeability of the Fe3O4 nanosuspension verses static magnetic field
strength. (a) The real part of the permeability, initially constant, rises sharply beyond a threshold value of the static field
strength and then saturates. The gray markers highlight minima in ∆µ′ that occur just before the sharp increase. (b) The
imaginary part of the permeability peaks at a frequency-dependent value of the magnetic field strength.
after the sharp rise. The saturation region in the two
highest-frequency measurements was not observed be-
cause we could not apply sufficient magnetic fields us-
ing our solenoid. The ∆µ′′ datasets all initially increase
before reaching a peak value and then falling off as B0 in-
creases. At the highest magnetic fields, we find ∆µ′′ < 0
in the three lowest-frequency datasets . Extrapolating
the ∆µ′′ tails out to very high field strengths, where one
expects µ′′ → 0, would be one way of estimating the
zero-field values of µ′′.
The ∆µr data have been measured with reasonably
high resolution. Given that the Fe content in the
nanosuspension is relatively dilute, the absolute perme-
ability of the sample is expected to be close to one.
Therefore, we are measuring changes in the permeability
with a precision that is greater than 0.01%. The error
bars in the ∆µ′ measurements are approximately equal
to the size of the data points and they are even smaller
in the ∆µ′′ measurements. This precision has allowed us
to identify a small but distinct feature in the ∆µ′ data.
Just before the sharp increase, ∆µ′ passes through a min-
imum. These minima are clearly visible in all but the
1197MHz data and have be identified using rectangular
markers below the magnetic field axis in Fig. 5(a). Al-
though we have not identified the source of the minima in
∆µ′, they could be related to the minimum Bickford ob-
served in his original microwave absorption experiments
on bulk Fe3O4 crystals.
15,44
Energy dissipation, or absorption, in a ferromagnetic
material is proportional to44
Ed ∝
[√
(µ′)2 + (µ′′)2 + µ′′
]
−1/2
. (3)
For the relatively dilute Fe3O4 nanosuspension, the
real and imaginary parts of the zero-field permeability
can be written as µ′(0) = 1 + δ1 and µ
′′(0) = δ2, where
δ1, δ2 ≪ 1. Therefore, the components of permeability
in a static magnetic field are given by µ′ = 1 + δ1 +∆µ
′
and µ′′ = δ2 +∆µ
′′ such that, to within a very good ap-
proximation
Ed ∝ 1 + δ1 + δ2
2
+
∆µ′ +∆µ′′
2
. (4)
The static field dependence of the energy dissipation is,
therefore, simply determined from the sum ∆µ′ +∆µ′′.
A plot of ∆µ′ +∆µ′′ as a function of static magnetic
field strength is shown in Fig. 6(a). A broad peak in
the microwave absorption is clearly visible in all but the
1288MHz dataset. Rectangular markers in the figure
identify the values of the static field B0,p at which the
absorption peaks. The plot in Fig. 6(b) shows that B0,p
varies linearly with measurement frequency f1. Here, f1
represents the resonant frequency of the LGR when its
bore is filled with 2mL of the nanosuspension. Assuming
gµBB0,p = hf1, where µB is the Bohr magneton and h
is Planck’s constant, the data have been fit to a straight
line with zero intercept so as to extract a best-fit value for
the g-factor. The slope of the best-fit line is 0.539± 0.019
which corresponds to g = 1.86± 0.07. Microwave exper-
iments on thin films of Fe3O4 have also reported values
of g that are less than two,20 whereas experiments on
bulk single-crystals of magnetite find g = 2.12 at room
temperature.15
Summary. There has been growing interest in probing
the magnetic properties of thin films, nanoparticles, and
exotic nanostructures.18–22,45–50 Using a LGR, we have
developed a sensitive experimental technique to make
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FIG. 6. (a) Plot of the magnetic field dependence of the microwave absorption by the Fe3O4 nanosuspension at the five
measurement frequencies. (b) Plot of µBB0,p as a function of hf1. B0,p is the static field strength at which ∆µ
′ +∆µ′′ peaks
and f1 is the resonance frequency of the LGR when partially filled with the nanosuspension. The data were fit to a straight
line with zero intercept. The dashed line has a slope of 0.5 and corresponds to g = 2.
precision measurements of the permeability of a dilute
Fe3O4 nanosuspension as the strength of a static mag-
netic field was varied. The LGR dimensions can be many
times smaller than the free-space wavelength of the reso-
nant frequency which allows one to work at low frequen-
cies with relatively small sample volumes. By placing
low-loss dielectrics in the gap of the resonator, the mea-
surement frequency was tuned from 500 to 1300MHz.
The real part of the nanosuspension’s permeability was
observed to increase sharply after exceeding a frequency-
dependent threshold magnetic field. ∆µ′ then reached
saturation at higher magnetic fields. At four out of the
five measurement frequencies, a small dip in ∆µ′ was ob-
served just before the onset of the sharp rise. The imag-
inary part of the permeability exhibited a broad peak as
a function of the applied static magnetic field strength.
The ∆µ′ and ∆µ′′ measurements were used to extract
the magnetic field dependence of the nanosuspension’s
microwave absorption. The magnetic field B0,p at the
absorption peak was plotted as a function of the mea-
surement frequency. The resulting linear relationship,
characteristic of a ferromagnetic resonance, yielded a g-
factor of 1.86± 0.07.
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